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Introduction

This document covers the topic of spacecraft charging in high, typically
near-geosynchronous, orbit and is intended to provide spacecraft designers and
program managers with elementary information on the spacecraft charging pheno-
menon. It includes the results of engineering experiments flown on a special
test satellite, the USAF P78-2 which was part of the joint USAF-NASA Space-
craft Charging at High Altitudes (SCATHA) program, and makes a number of
recomsendations directed toward alleviating problems caused by spacecraft
charging. Specific topics covered are: the spacecraft charing process; the
geosynchronous altitude plasma environment; charging of surfaces; bulk charg-
ing; discharge pulse characteristics; aand, contamination of surfaces due to
charging, Iuformation on the results of ground-based investigations of the
SCATHA program was presented at three conferences on Spacecraft Charging
Technology and was published as proceedings by NASA and the USAF under the
following indices: (NASA) Conf. Pub, TMX 73537, 2071, and 2182; (USAF) AFGL-
TR~77-0051, APGL~TR-79-0082, and AFGL~TR-81-0270,
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Summary

This section summarizes the main results presented in the chapters on the
synchronous-orbit altitude eaovironment, surface charging, bulk charging,
environmentally~induced discharges, and charging-enhanced contamiration.

Environment

Surface charging of spacecraft materials in the geosyanchronous orbit
environment is caused primarily by electrons with energies in the few keV
(kiloelectron wvolt) to tens of keV range. The potentials reached during
charging events depend on wmany additional factors, the most iaportant being
secondary~clectron emission due to solar ultreviolet radiation and due to
primary electrons and iouns, and the density of the cold plasua which may
supply a neutralizing current to a charged body, Differential potentials
between different locations on a spacecraft are controlled by geometric con-
siderations, material properties, and charging time-constants.

A severe environnent, {ntended for use in modeling calculations, is
presented in Chapter 2, In sunlight, the P78-2 satellite frame potential rose
to ~1600 volts relative to the plasaa environment. Dislectric surface sacples
of Teflon and Kapton acquired differentisl potentiale rvelative to the frame of ,'
=6400 volts and «1500 volts, respectively.

Bulk charging of spacecraft materials is caused primarily by electrons
with energles of a fev huundred keV to 1.5 HeV (megaelectron volts). These
energetic electrous can penetrate thin shielding (spacecraft ekin, cable
shielding, etc.) and deposii chazge in cables, circuit bdoards, and conduc~
tots. Depending on the fluence of the primary electrons and the conductivity
of the dielactric, the matezial may experience a discharge which aay couple

- 1nto sensitive electrouic circuits. In typical dielectrics, the breakdown may

oceur with Sluences of the order of 1011 to 1012 e*/cm?, Electron fluxes with
energies above a few hundred keV maximize at altitudes several earth radil
below geosyuchronous orbit following large smagnetic etoras. However, even at
geosynchronous altitude, ensrgetic electrons can slter electrical properties
of dislectrics and influence differential charging effects,




Surface Charging

Differential charging cear gecsynchronous altitude depends on the local
time, the altitude of the spacecraft, snd the geomagnetic conditions at the
time, Typically, the lccal-time distribution of charging beginsg a few hours
before midnight and extends to the worning sector. At altitudes above geo-
synchronous, the prodability of charging during disturbed magnetic conditions
is a factor of two greater than during magnetically quiet times. At altitudes
below geosynchronous, significant surface charging occurs ouly during dis-
rurbed magnetic conditions.

The electrical properties of dielectric materials can change significant-
ly during exposure to the space environment., Therefore, laboratory simula-
tions and satellite teaste must be conducted using proper environmental parame-
ters and lifetime tests should be considered, Por example, the conductivity
of Kapton increased orders of magnitude when exposed to solar rvadiation (see
Chapter 3), Aging of Kapton thermal blankets in orbit wiy teduce a satel-
lite's sueceptibility to surface discharges.,

The greatest surface chargiong estresses occur between dark and sunlit
surfaces, betueen shadowed dielectrics and structure grouand which is sunlit
sovevhere oun the satellite, and during rapid changes ia either the sclar
{llumination of the satellite or the plasza enviroument, Shadowing of che
satellite surfacas by motions of the satellite and projectious from it can set
up the conditions for surface charging. ' |

An  analyticel function 4s sepecified Sfor use as 2 severe nesr-
geosynchrunous orbit plassa environment. Dielecteics and satellite structure
were ovscivsd o charge to grester than 1500 volte in this eavironment when
shadowed, :

Bulk Chargiog

Bulk charging vesar geosynchrocous otbit altitude depends oa thé local
tiwe, the altitude of the spacecraft aund the magonetic activity. Typically,
bulk chrroing oceurs st geosynchrooous altitude and lower altitude hours to
days <fier large maguetic storms. Righ energy electrcus embed thecselves
within dielectrics eud may build up potentials in excess of the breakdown
potential of the waterial, Certain design spproaches can reduce discharges
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due to bulk charging. Shielding and grounding of cables and circuit boards
are among these methods., Circuit susceptibility to spurious discharges can be
reduced by reducing their sensitivity to low level pulses.

Diacharges

Discharge pulses have beea shown to occur during charging events on the
P78-2 satellite in near-gecsynchronous orbit. The frequencies of the Fourier
components of these pulses are typically in the few to tens of megahertz
region, Amplitudes can vary from a few tenths of a volt to tens of volts on a
50-ohm input. Arc-injection tests performed on the P78-2 satellite per MIL-
STD 1541A were adequate to simulate uwost of the discharges that occurred in
orbit, but not all of them. There is some evidence that larger pulses oc-
curred on the P78-2 satellite after several years exposure to the space envi=~
'rongent.

Countenination

Molecules emitted by the spacecraft can be ionized by solar radiation
while still witiiin the spacecraft plasmss sheath and be resttracted to nega-
tively charged'surfaées. The wore negative the poteantial on the surface, the
higher the probability of contamivation, Trying to control the potential of a
spacecraft grovnd may increase the differential potentisl to adjacent dielec-

tric surfaces and wight even increase contamination buildup on some sur~
faces, Analysis of P78-2 data indicates that contamination rates are in-
~creased during periods of spacecraft charging.

11




Chapter 1 - Introduction to Spacecraft Charging

Anomalous behavior of satellite subsystems operating at geosynchronous
orbit altitude (about 36,000 km) led to the speculation that low energy plasma
(ionized positive and mnegative particles) could raise the potential of the
vehicle relative to the plasma to such a level that electrostatic discharges
on the vehicle could adversely affect logic systems (Garrett, 1981, and refer-
ences therein). The necessary conditions appear to be a high flux of elec-
trons in the tens of keV range heated during a magnetospheric substorm, with a
very low cold plasma density, The cold plasma usually'diecharges the vehicle,
provided the density is high enough,

The Spacecraft Charging at High Altitudes (SCATHA) program wes initiated
in the mid-1970s to provide: a) an understanding of the interaction between
an object (spacecraft) immersed in a plasma (space environment); b) spacecraft
materials which are not subject to charging or degradation in the space envi-
ronmant ; cj proper laboratory simulations of the environment; aand, d) in-situ
meaguresents of engineering ard science parameters. The P78-i ssatellite was
the test vehicle which obtained the in-situ oeasurements.

Differentisl Charping

The charging of a body in the space plaswa depends on the current balance |
between many sources, including primary electrons and ions, secondary electron

exission from eurfaces due to {mpact by primaries, and ultraviolet radiation

from the sun (Eq. 1, Chapter 2). Different waterials on a spacecraft will
charge to different voltage levels that depend on the matarial properties and
the plasma pnrinetera. For exawple, the energy at which secondary elactron
production cosfficients become greater thsn or less than unity 4s such differ-
ent for conductors than for iunsulators. Materials with different properties,
adjacont to each other, can charge to different voltages snd produce electito-
ptatic discharges if the electric field gradient becomes too large. Insula-
tors shadowed by the vehicle may charge differentially with respect to nearby
vehicie trame which {s “clamped” to the spsce pladnn potentlal by sacondary
eaireten from an illuninated portion of the vehicle frame.

13
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Bulk Charging

Intense fluxes of energetic electrons, when stopped in dielectrics such
as cable insulators and circuit boards, can produce potentials which exceed
the breakdown threshold in the die;ectric if the rate at which charge is being
depusited is large compared to the rate at whicﬁ it bleeds off, When, and if,
breakdown occurs, the energy of the discharge 1is coupled directly into the
conductors involved in. the discharge.

Electrostatic Discharges

When the electric field between two objects exceeds a critical value
(about 106 volts/meter), a discharge can occur, However, transient electrical
pulses observed in association with charging may be due to capacitive coupling
effects rather than breakdown if the field gredient is below the critical
value (Reagau et al,, 1982). At times when large flux levels of energetic
electrons are measured, internal redistribution of high field potentials can
also discharge a material (Reagan et al., 1982). Discharge pulses measured on
the P78-2 satellite had dominant frequencies from 5 to 32 MHz and peak ampli-
tudes ranging from 0.08 ¢o 30.1 volte across a S50-ohm input impedance (Kooms,
1982).

Enhanced Contamination

Organic molecules outgassed from umaterials of spacecraft construction
départ from the vehicle with thermal velocity., Eventually the molecules are
converted to positive ions by interaction with solar UV photons or ambient
electrons. A fraction of the total are iounized sufiiciently close to the
vehicle that tkey are electrostatically re-attracted to negatively charged
surfaces (Cauffman, 1980; Clark and Hall, 1981).

14




Chapter 2 - The Geosynchronecus Orbit Charging Environment

Introductio:

A body immersed in a plasms will become negatively charged due to the
fact that the electroms, which have a much smaller mass than the ions, have a
rich greater velocity than the ions and impact the body at & higher rate than
the ions, Charging is limited by secondary electrons being emitted from the
surface and being rcpelled by the negative potential, by ioms being acceler-
ated to the body by the potential, by the potential modifying the paths of
incoming electrons, reducing the number that collide with the body, and, if
the body is illuminated, by photoelectrons being emitted from the body. 1In
space, the solar UV radiation is sufficiently intense that a bedy is normally
a few volts positive with respect to the plasma (more photoelectrons are

leaving the body than plasms electrons are arriving), Additionally, at lower
altitudes (within a region called the “plasmasphere” which extends up to about
§ earth radii), the plasma has a dense (102 to 104 particles per cnd) “cold”
component which can eupply sufficient ions or electrons to meintain the poten~-
tisl on a8 body close to the potential ¢f the plasma,

At high altitudes, the cold plasma may at times be very tenuous (below 1
particle per em3) and unable to supply a neutralizing current to & body im-
sersed in it, At these times, photoemission can charge a body to tens of
volts positive with respect to the plasma, However, geomagnatic sudbstorms
heat plasma in the tail of the wagnetosphere (and perhaps in the auroral
regions) and inject the hot plasma into the region near geosynchronous alti-
tudes, The hot plasma, with very high velocity electrons at substantial
densities, can charge the body to high negative potentials in the absence of
sunlight, Good correlations have been observed between levels of charging
and electron fluences with energies of 20 keV or greater (Mullen and
Gussenhoven, 1983),

Current Versus Potential

The potential of a surface on a spacecraft correlates with the integrated
plasmz electron current to the sorface (Micers, 1983), The potential of a
surface changes so that in equilibrium, the nei current to the surface {5

ielu, I’u«'—t 1..

15
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Jpe~Ipi=Jse~Isi=Ibe-Iph=0 : ()
where

iucident plaswa electron current
incident plasma ion current

[ %}
b ]

-~

L]

Jge = secondary electron current due to Jpe
Jgi = secondary electron current due to Jpy
Jpe = backscattered electron current due to Jpe
Jph = photoelectron current '

Each of these current contributions is a function of the surface poten-
tial relative to the plasma and to neighboring surfaces. Nominal values of
Jph are available (elsewhere in this chapter) and smpirical estimates ovase,
Jzi and Jpe have been made for satellits rrames and some materials (DeForest,
1972; Peuerbacher and Fittou, 1972; Fredericke and Scarf, 1973; Grard et al.,
1973; Grard, 1973). These parameters are contained in charging codes such as
the NASCAP code (NASA Spacecraft Charging Analyzer Program) (Ratz et al.,
1975},

S8ince the distribution of the plasma electrons 1s controlled by the
geomagnetic field, the potential of a surface will be modulated se {t changes
its orieatation rvelative to the local magnetic field direction. This is
usually a smsll effect which can be ignored to first order and an orientation-
ingependent plasma distribution can be used.

The photoslectron current density is proportional to the cosine of the
angle bLetween the svrface normal and the sun line, As a result, the epace-
craft frame and materiel surface potentials will be amoduleted &5 the space-
craft changes its attitude relative to the sun, This can be a large effact
and cannct be {gnored. The largest electrical stresses often occur across the
term=inator (boundary betwaen sunlight and shadow) of the spacecreft. During
charging evente, sunlit surfacee areé udually uear zero potential and dark .
surfa~es are negatively chargeds The potential difference is often grester
than one kilovolk. This 4difference can lead to arcing across the taraionator
on insulating suriaces,

16




The nominal photoelectron current density for illumination of a material
which has its surface normal parallel to the sun line 1is 1 na/cmz. This
number is relatively insensitive to material properties, varying by at most a
factor of two from one material to another (Grard, 1973).

The plasma current density can be calculated as
I o= [vE W - [vE(v) v (2)
P e i

where v is the particle velocity and f,(v) and £;(v) are the electron and ion
velocity distributions, respectively, Bquation (2) ignores the secondary and
backscatter electron current: which would reduce Jp. These latter currents
are miterial-dependent, The particle velocity distribution is giveu by

£(v) = n [0/ (71 )2 exp(av?/kr)) + o, [0/ (261,01 % exp(-nv?/kt,) (3)
where n ig the number density \cm'3) of the plasma electrous or iong, m is the
‘effective mass (grams) of the electrons or ilons, k is Boltzman's constant, T
is- the electron or ‘on “teaperature” (keV), and the subscript index refers to
the lower energy and higher energy components in a two-component plasma (the

“cold" snd “hot” plasmas meniioned previously).

Extreme Case Charging Envirotiment

For the purposes of wodeing spacecraft reeponees‘to the space plasma
conditions, an extreme environent (from the point of viaw of causing space-
craft charging) 12 offered. *“is envitonment was the most extreme condition
encountersd dur£ng the first year of P78~2 operations and was one of the worst
experienéed3dh£ing the entire mission. This enviroument is represented by a
two=Maxwelldan (Eqe 3) least-squares fit to data obtained by the P76~2 satel-
14te duriug a ch@tging event on 24 April 1979 (Mullen et Al., 1981). The
parameters for evaluating Eq. (3) are given in Table 1. Note that different
po.ancters ave furnished for particles travelliag perpeandicular to and paral-
lel to the magnetic field lines. ’

The values for the paiticles 'perpeudicular' to the magnetic field should
be uged in analysis unless the satellite orientation relative to the magnetic
field vector is known, The data used to obtain these coefficients aud the

17




fits to these data are shown in Fig. l¢ The curves are the two Maxwellian
approximations for the directions perpendicular (solid curve) and parallel
(dashed curve) to the earth's magnetic field vector.

3
o) n Ty T2
3 @l @) wwn  kn
e Ions
:5 Perpendicular lel 1.3 0.3 28,2
R Parallel 1.6 . 0.6 0e3 2640
Ei .
5{ Electrons

Perpendicular 0.2 2.3 0.4 24,8
" Parallel 0e2 0.6 0.4 24,0
L'.; Table 1. Two-Maxwellian parameters for an 'Extreme' plasma environaent.

OISTRIBUTION FUNCTIONS:~&50 UT 24 APRL. ™

N v b O ¢

LOG DISTRIBUTION FUNCTION (km © sec)
S N < o -

& &

1 1 Loy
B 6 o 0 o
ENERGY INEV
Figurs 1. Data (symbols) and calculated fits (curves) for the extreme plasma

enviroussnt encountered by ths m-z satcllite near geosyuchronous
orbit on 26 April 1979.
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Sunlight Versus Shadow Charging

The envircnment defined in Table 1, combined with the zero-net-charge
condition of Eq. (1), the estimate on photocurrent and the calculated plasma
current using Eq. (2), produces an estimated charging conditions as follows:
sunlit satellite frame-to-plasma potential of a few hundred volts; shadowed
area-to~plasma potential greater than 10 kilovolts, A maximum potential of 16
kV occurred on the P78-2 when exposed to this environment (Mullen et al.,
1981). Dielectrics would be expected to charge to a few kilovelts relative to
spacecraft ground and relative to each other on a shadowed satellite, In
sunlight, a few kilovolt potential difference would exist between shadowed
dielectrics and the sunlit materials or exposed structure ground.

The P78-2 experiment complement included a Satellite Surface Potential
Monitor (see Chapter 3)., Table 2 lists several msterials measured by the SSPM
and the levels to which they charged during the 24 April 1979 charging event.

Sauple Potential®
Quartz Fabric =-3800 V
Silvered Teflorn 6400 V

Alupinun Kaptoun =~1500 v

*Surface poténtial relative to estellite grounds The satellite ground was at
=1600 V relative to the plasma, .

Table 2. SSPK potentials messured durdng the 24 April 1979 charging event.

High voltage stress sspociatad with breskdovn end arcing occurs most
often during rapid changes in conditiouns such as a sudden change in the eavi-
vonaent or a sudden shadowing of parts or all of the spacecraft, Periodic
self-shadowing on s rotating epacacraft can lesd to periodic dischargus
(Mizevs et al., 1981). '
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Chapter 3 - Charging of Materials: Surfaces

The Satellite Surface Potential Monitor

One of the instruments flown on the P78-2 satellites for in-situ measure-
ments in the spacecraft charging program was a Satellite Surface Potential
Monitor (SSPM). The measurement technique is shown in Fig. 2. A sample of
material for which the surface potential is to be monitored is mounted on a
sheet of dielectric material (fiberglass-epoxy) with a conducting layer (typi~-
cally evaporated aluminum on the back of the sample) between theme The di~-
electric sheet is mounted in & conducting frame. The conductive layer is
isolated from the frame but is connected to a high-impedance current meter.
At the center of the sample (typically 10 cm square), the back side of the
sample 18 viewed over an area of about 0.4 cm diameter by a vibrating-reed
electrometer. The conductive layez; is removed over this area. Simultaneous
measurements of the eurface potential and the total current to the sample were
made. Laboratory calibrations were made to obtain conversion coefficients for
relating back-side measurements to the actual surface potential. Potential
measuréments were referenced to the frame potential, These in turn were
referenced to a measurcment of the frame po,tentiai to a gold-plated circunfer-
ential strip on the vehicle which, whenever the satellite was in sunlight, had
some portion illuminated and therefore was clamped to & low level by photo-
emission., Table 3 lists the samples monitored by the SSPM, gives the mnemonic
for the sample, and shows the location on the satellite, ‘'Bellyband’ reiers
to a central area of the cylindrical body which was free of solar-cells.

CONDUCTOR ~ SANPLE s CONDUCTING
/— FRAME /. KAPION.... | BACKING W21
]1 . ) V. | " /
) NS | RN
\-mmcmc
N\ (FIBERGIASS EPOXY)
\ MONROE MODEL 1009A
TUNING FORK PROBE

VOLTAGE

-1- e
i

-

-

Figure 2. The P78~2 Satellite Surface Potential Monitor technique.

21




Sensor Location Sample Material

SSPM~-1 Bellyband 1 1 Kapton
to spin axis
2 Optical Solar Reflector?d
3 Optical Solar Reflector
4 Gold-plated Magnesium
sSPM-2>  Bellyband 180° 1 Rapton®
from SSPM-1
2 Kapton
3 Reference Band (high gain amp)
4 Reference Band (low gain amp)
SSPM-3 Bottom of S/C 1 Kapton ‘
90° from sun
2 Teflon
3 Quartz Fabric
4 Gold~-flashed Rapton®

Notes: a) Grounded to frame
b) 30 cm square Kapton sample
c) Hole through Kapton over eensor

Table 3, Satellite Surface Potential Monitot samples and locations.

Probabilities of Charging

Since the P78-2 satellite was sploning, the SSPM charglag levels typical-
ly represented non-equilibrium values when a sanple entered the shadow of the
satellite. Equilibrium values may have been a factor of two higher. Figure 3
shows the perceat probabilities of Kapton charging greater then =100 volts and
=500 volts during eolar {llumination and quiet geomagnetic conditions. These
dats are for periods with Kp less then or equal to 24. K, 18 & planetary
index of high latitude magnetic activity., The rvesults are grouped into high
and low sltitudes (relative to geosynchronous orbit altitude) and 1nto-3-hr
local time intervals. L = 6.6 R, (earth radii) is a geosynchromous orbit at
the equator, The P78~2 orbit wau ellipticel and extended about one earth-
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radius above and below geosynchronous orbit altitude. In Figure 3, Rapton-i,Z
refers to the Kapton samples on the SSPM-1,2; M indicates midnight; MLT is the
magnetic local time (the local time at which the magnetic field line crosses
the equator). The Kapton-2 sample was four times as large as the Kapton-l
sanple. The slight differences in charging probabilities may be due to dif-
ferences in the way they approached equilibrium or wmay have been influenced
differeatly by other surfaces in their vicinities charging differently.

SSPM
PROBABILITIES OF CHARGING
QUIET
Kys2,)
' >100 Volis
KAPTON.2 KAPTON-1 2500 Yol
M ,
30r ! - ¢
i
gzoi— -
g2 | | l l L >G5 Re
oA LAk
up . r
Z : LsG6Re
Q 10 = —————
¥ | ' :

TR RR S 6T TR RN
MLT thrst

Figure 3. Probabilities of Kapton charging to levels in excess of ~100 volts
aud =500 volts in sunlight duriag quist wagnetic condicions.

Figure & shows dats siuilar to those of Figure 3 but for disturbed wag-
netic counditions, These dsta show clearly that differventisl surface charging
is strongly depeandent oo local time, altitude, and asgnetic conditions.

Pigurs 5 shows data similar to Pigure &4 for two other samples oa the
53PH, Ounly data for disturbed magnetic conditions are shown because these two
sazples, the gold-plated magnesium and optical solet reflecting tiles (OSR),
do not chatge to high valuss. The OSR tiles were bonded with conductive
epoxy. These figuves illustrate the importance of material properties aud
configuration in deteraining thn chargiag behavior in space.
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SSPM
PROBABILITIES OF CHARGING DISTURBED

LSy
KAPTON-2 KAPTON-1
D T >100 Volts
Y- ' - ' >500 Vakis
_30- - |L‘7
- 4
‘gzu.»- -
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Pigure 4, Data similar to Fig. 3 but for disturbed magnetic conditions.
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Figure 5. Charging probsbilities of Gold-plated Magnesiun and Optical Solar
aflectors in sunlight during disturbed magnstic conditiouns.
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Near-Geosynchronous Charging

Figure 6 shows the percent probability of charging for a typical insulat-
ing material (Kapton) during geomagnetically disturbed conditions near geo-
synchronous orbit altitude. The data are plotted as a function of magnetic
local time which for this data can be assumed to be equivalent to local
time. The important features to be noted in Figure 6 are: high level
charging occurs primarily a few hours before local midnight; the highest
frequency of low-level charging occurs some & hours past local widnight.

SSPM
NEAR-GEOSYNCHRONOUS CHARGING
{Disturbed Times)

60[ t ]

" >100 Volts MIDNIGHT _ _{

1 73500 Voits % |

= - B > 1000 Valts | EL N

&30 % J

§§20? 1 ¥ i

] T 1

o f HT .

L ' ] ) .‘ j :'.', ; l
%2u14ﬁ15w1&ﬂ20a22€ﬁ&;2 34 5678310112

Figure 6, Pfobability of charging near geosynchronous orbit during
magnetically-disturbed conditions,

Figure 7 shows the complete coverage of dielectric charging as a function
of local time and L (equivalent to earth-radii at the equator). The outer
curve delineates the highest altitude coverage by the P78-2, the circle at L =
6.6 represents geosyuchronous orbit, and the {nner curve represents the lowest
altitude coversges There are three contour categories in Pig. 7: The sulid
line bounds the 10%¥ probability of charging to greater than -100 volts; the
dashed curve outlines the region where the ~100 volt probability is greater
than 50%; the cross-hatched area 1is the region where the prdbability for
charging to greater than -1000 volts is 10%, Although there are some regions
(denoted by grey in Pig. 7) where the total time speat was less than 1.5 hours
during the 9-month period represented in Figure 7, the overall charging proba-
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bility contours illustrate the reg.ons where a vehicle can experience differ-
entisal charging.

DISTURBED-TIME SSPM CHARGING
1
3 ! I
1 MLT 1

15\ P-78:2 9
L-SHELL ,rCDVERAGE /

0,
A 10 1100 ol

1B<
GEQSYNCHRONOUS

A
11w
1§

| g

i

2’ "
t>}000 Volis!

a

-

P
4 u
Pigure 7, Contour plot of the probability of Kapton charging to greater than

=100 and grester than ~1000 volts as a function of sltitude and
local time during wagnetically-disturbed conditioas.: '

Changeas in the Properties of Materials

Data from the S5PM exparisent showed dramatic and significant changes in
the electrical properties over a period of months in the epace enviroument,
Pigure 8 represents a plot of the ratio of the potential msssured on Kapton
veferenced to tha potential on the gold-plated magnesiva for a pericd of 9
aonths after lsunchs Data vare obtained during charging eveante, An exponen~
tial dacrease in resistivity of ths Kapton sample was observed such that it
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decreased by l/e every 87 days. The change is a result of exposure to sun~
light in vacuums These results have been verified in the laboratory under
controlled conditions (Leung et al,, 1982), There is some evidence that after
long exposure in space (several years), the resistivity begins to increase

again,

0§
E SSPM 3
: Vinax Kaon I (Gald! 3
10 <
- -
0z -3
bo1. ' , :
08 90 115 10 165 190 215 260 209 A0 36 30 36 39 45
0AY OF YEAR 197 | 199

Figure 8, BRBatio of the potantial mseasured on Kapton to the potential measured
on go;depla;ed sagassiun during charging events.

An eppsrent “bulk® potential on the Teflor sample was observed. Figure 9
ghows the potential wassured on tha Teflon sample as a function of time,
These daily values are not due to surface chazging but probably rvesult froo a
buildup of charge due to enstgetic elacttons umbedding thesselves in the bulk.
of the sample (sse Chapter &), Some of the daily variations seen in Figure 9
are dus to partial discharging of the sample dus to grasing-iacident solar UV,
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Pigure 9, Potential measured on Teflon showing a time-dependent incresse.
The effect is prodably due to a buildup of charge embedded in the
saiple. , .
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Differential charging occurs abosrd high-altitude satellites whon asteri~
als isolaced from frame potentiasl are shadowad froa solar UV. UWhen & space-
craft enters the earth's 'atnéw. differential charging can still occur because
different aaterials have different ucoﬁdcry elestron emission coe*ficients,
Dtpaudié\g upon the charging time constants of differant surfaces, the maxisun
electrical stress way occur at these tises. Differential charging depends

strougly on local time, altitude, and magnetic activity. |

Dielectric saterial properties can change in the space euvirooment. It
is inpoasible to predict long-term charging bdbehavior unless iong-tera material
proparties in the space envirousent are kaown. A method of determining these
changes {n properties s to monitor witness sanples of critical materials
either aboard a space vehicle or under proper laboratoty couditions. Iaproper
uodeling cf the space euavirooment for labdoratory simulatioes can lead to large
etrors iu predictions of on-ordit materials performance. For exaaple, earlier
ladoratory simulations predicted the SSPh OSR eample would charge significent-
ly higher than wes actually obssrved in spaca. Coaversely, the SSPH quartz
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fabric sample charged to low values in laboratory simulations while values an
order of magnitude {or more) higher were commonly observed in the space envi-~
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. Chapter 4 - Charging of Materiala: Bulk

Introduction

In certain regione of the earth's magnetosphere, primarily between L = 3
and L = 5,5 but extending out past geosynchronous orbit altitudes after large
magnetic storms, frequently sufficient fluxes of energetic electrons are
_present tou produce an effect known as "bulk charging”. | The sechanism 1is shown
schematically in Figure 10, Energetic electrons, with energies in the range
of 300 keV and higher, penetrate through thick dielectrics such as cable
insulators or circuit boards. If the rate at whi:h particles are ifacident
exceeds the rate at which embedded charge can leak out of the dielectric, the
embedded charge and its image charges on the cabdle, circuit board, ¢r neardy
conductors may produce a potential in excess of the tieakdown potential of the
dielectric in that particular geometry, The vesultant breakdown produces &
fast pulse on devices counnected to the cable or mounted on the circuit board.

o ENERGETIC ELECTRONS CHARGE UP DIELECTRIC

o IMAGE CHARGES ON CONDUCTORS BALANCE TRAPPED CHARGE

o DIELECTRIC BREAKS DOWN, RESULTING IN FAST PULSE ON
DeviCES CONNECTED TO CABLE

SATELLITE SKIN

Figuia 10. The "Bulk Charging” mechanisa.
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The rise and fall times of such pulses are of the order of tens of nano-
secondss The energy content of the pulse depends on the capacitance of the
geometry being discharged, but is usually of the order of a few nanojoules or
less, Pulse lengths up to 100 nanoseconds may be observed. The source is a
high impedance current source and may produce peak voltages in the tens to
hundreds of volts on high impedance inputs, Tue total fluence required to
build up potentiuls to the breakdown value depends on the flux intensity and
the conductivity of the dielectric, but in typical dielectrics is of the order
of 101! ¢o 1012 electrons per square centimeter in a time short compared with
the bleed-off time constant of the dielectric.

Energetic Charged Particle Environment

The rate at which charge 13 deposited depends upon the incident charged
particle flux and the amount of matter the particles have to penetrate to get
to the dielectric. 4s & general rule, electrons with energies below 300 keVv
do not have enough energy to be a problem (they are stopped by 20 mils of
aluminum or equivalent mass thickness) and fluxes above 1500 keV are always
too low in the natursl environment to prcduce the necessary potentials. The
particle flux is variable and depends on energy, location in the magneto-
sphere, and time, Geomagnetic activity increases the flux levels and they
remain high for some time after the geomagnetic activity subsides., Usually,
after a major magnetic storm, high levels of energetic electrons are seen
immediately at altitudes equivalent to L = 3 to 4. Within a day or two after-
wards, these energetic electrons diffuse out to geosynchronous altitudes and
may remain at elevated levels for several days. Models of the average ener-
getic charged particle eavironment are issued by the National Space Science
Data Center, World Data Center-A, Goddard Space Tlight Ceater, MD 20771,

The maximum electron flux that may be present at a given point in sepace
is not known, but Table &4 presents probable maxima as a function of threshold
energy and L-ghell (where L corresponds approximstely to the distance, in
earth radii, from the center of the earth to the poiant &t which the magnetic
field line on which a particle is trappad crovses the geomagnetic equator).
Fluxes are given in unite of e’/cmz—uec above_thtéshold energy. Fluxes‘as
high as these are observed perhaps ouce or twice per year. Typical peak
fluxes are an order of magnitude lower.
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Threshold Geocentric Distance (Rg)

Energy
HeV L-4.0 L-4.5 L-S:O L-6.0 L-606
0e5 6x108 4x108 2x108 1x108 5x107
1.0 1x108 6x107 3x107 1x107 sx10°
1.5 4x106 2x106 1x106 5%109 2x103

Table 4. Peak integral electron fluxes as a function of energy threshold and
altitude,

Increased Probability of Bulk-Charging Discharge

Certain conditions are 1likely to dincrease the probability of a bulk
charging discharge or coupling of energy from such a discharge into nearby
circuitry. Such conditions are: a) exposure of bare cables or circuit boards
to the space environment; b) large areas of metallization on circuit boards
left ungrounded; and c) spare conductors in cables left unterminated at both

ends.

The exposure of cables, circuit boards, or other dielectrics which are
intimately connected to electronic circuitry to the space environment permits
a much larger fluence of particles to impinge upon the dielectric with suffi-
cient energy to produce & bulk=tharging effect. The energy spectrum shows a
large decrease in number with increasing energy, typically decreasing a factor
of ten to thirty with an increase of a factor of three in energy., Therefore,
shielding which eliminates all electroms below about 1 MeV ghould provide
protecticn against even the largest fluxes obaerved in the natural earth
eavironment., Swaller amounts of shielding, which stop all electrons with
energies below 150 keV, should be effective against all but the largest flux
events. A 1 MeV electron will be stopped by 0.5 grams/cm? of waterial.
lLesser amounts of shielding will stop lower energy electrons bhut will ealso
degrade electrons which inftially have their energy in the 500 keV to | MeV
range and reduce their effectiveness f{a producing dulk charging. Most space~
craft have sufficient mass in their euternal pavels, solar cells, thermal
blankets, ete. that no additional shielding is necessary for circuit boards
and cables contained within the body of the spacecraft, |
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Large ar as of ungrounded wmetallization or unterminated conductors in
cables act as collection points for migrating charges and increase the capac-
itance of the volume that can be discharged in a single breakdown. The magni-
tude of the pulse produced in discharges which include such elements is there-
fore much higher and is more likely to produce spurious responses or damage in
circuit elements into which they couple.

Circuit designs can contribute to the susceptibiiity to or damage by bulk
charging discharges. These include: a) coupling of discharge energy into the
circuit; b) susceptibility of the circuit to pulses of the type generated in
bulk charging discharges; and c) circuit elements with very low damage thresh-
olds (e.ge, unprotected high input impedance circuits),

Recommendations

Low~-level high-speed circuitry should be kept well isolated from elements
which may be susceptible to bulk charging. Long signal leads, especially
those which exit the subsystem enclosure, should be avoided. Cables between
well-ghielded enclosures with low-level circuitry should carry only high~level
signals., Signal conditioning should be used to eliminate responses to the
fast low-level pulses characteristic of bulk charging discharges.  Small
circuit elements which might be damaged by nanojoule energy levels should be
elirinated or should be protected by devices with sufficieat response time and -
capability of handling pulses of either polarity oziginating 4n a ‘high
1upedance current source. »

Summar

Bulk charging is caused by large fluences of energetic electrons imping~

irg upon thick dielectrics and embedding within the bulk of the dielectric,

building up & potentisl. Subsequent discharges produce very fast pulses,
typically less than 100 nanoseconds duration, with the characteristics of a
high {mpedasnce current source, Problems due to this phenomenon can be allevi-
ated by reducing the number of particles with sufficient energy to pemetrate
and embed within the dielectric (e.g., shielding), dy design geomeiries which
reduce the volume of the regilon which diacharges (thereby reducing the size of
the discharge pulse), or by reducing the susceptibility of the individual
circuit elements to disruption by small signals.
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Chapter 5 - Discharges

Discharge pulses were detected by the Pulse Analyzer and the Transient
Pulge Monitor flown on the P78-2 satellite. Many pulses were detected during
electron and ion beam operations (which were an attempt to control the poten-
tial of the satellite with respect to the plasma), A few pulses were observed
due to natural charging events. Of the 550 days of data processed, the puise
analyzer detected 77 pulses on 35 different days that can be attributed to
natural discharges.

The P78~2 Pulse Anslyzer

There were two discharge monitors making in-situ measurements on the P78-
2 satellite, One, the Transient Pulse Monitor, measured the peak amplitude
and the urea under an amplitude-ve-time curve for pulses observed on various
inputs. The Pulse Analyzer, shown in Figure 11, measured the shape of elec-
tromagnetic pulses in the time dowain from 7 ns to 3.7 ws. The Pulse Analyzer
used four sensors: SO, an external short dipole antenna at the end of a 2-
weter bhoom; Sl, a loop anteana arcund one of two redundaat space vehicle
Coamand Distribution Units; S2, a wire along the outside of a 'typical' space
vehicle cable bundle; and S3, a digital command line from the CDU to the Pulse
Anslyter, |
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Figure 1l. Schesstic representation of the Pulse Analyzer on the P78-2,
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In~Situ Observations

For the 550 days of orbital data analy¢ed for the Pulss Analyzer, a total
of 6381 pulses were observed, Of these, 4016 were transients due to normal
operation of the vehicles An additional 2288 pulses were observed during
operations of electron and ion beam systems intended to control the potential
of the vehicle relative to the space plasma. All of these pulses are thought
to be due to discharges on the vehicle due to differential potentials set up
by the operation of the beams, A total of 77 pulses, occurring on 35 separate
days, are identified as being due to surface or bulk charging induced by the
gpace environment. Table 5 lists the individual natural discharges, giving
the date, time, local time, altitude (in earth radii), and the amplitude of
the pulse, When the potential on the Kapton sample on the SSPM (Chaster 3)
was known, it 1s listed in the last column,

NUt  DATE ur LT Re VOLTS CMARGE MUN  DATE ur LT  Re VOLTS CHARGE
L TR0%/20 SHASE 23,0 6.3 0,49 ~1728 40 @1, 04400 TAS2Y LT 4.8 :.go
2 v9/03/280 2080 0.4 .8 0.39 =089 4t @1/udsn. WIS L4 e.n 31,20
3 190808 J9%4) 2 &7 009 A 42 B1/04/27 3027 0,0 &3 :.!o -803
4 79/04710 82747 10.8 4.3 V.18 Nare 43 B1/04:23  AM6 0.1 &e 103 =308
% 79/08/%0 28h16 1.2 Ne 000 g0 A4 8108773 A1TY 0.1 6.6 11,30 o33
5 7906 204t 2.0 T8 Q.38 =100 A% §1/10/08  TRTVY QL9 ..3 .89
7 7W/%/6  S7% 2.7 1.8 0,33 ~luse Ah B2/NA/00 6288 11,3 6.0 g.xo
& 79/08/2 ¥ 2.7 T8 0,38 ~1078 A7 #2022 37T 4.9 S.a 2.W
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2% BO/0N/ 1T AYSL  1%.0 S.e 010 None ol BY/0®20 N2 V.4 e LM
o3 §0/0e/16  S400 15,0 %.4 049 Nene o3 W3/0%/28 W 0.8 .9 Do
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Tedle 5. Summary of natural discharges detected by the Pulse Analyzer on the
P78-2 satellite,
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Pulse Description

Figure 12 shows three typical severe waveforms of discharge pulses meas-
ured by the Pulse Analyzer on April 23, 1981,

e

. . H 1 1
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0 100 200 300 400 500
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Figure 12, Fitted vaveforms for three pulses measured by the Pulse Analyzer on
April 23, 1981,

The actual voltage vs time dats points were fit vith the functional form:
-« t -*,t

e i
+ Evie

! Cou(hfit - §) , (4)

Ve Vo +V, e

Table 6 shows the parameters used to fit the data for the pulses showm in
Figure 12. For all natural discharge pulses, the doainant frequencies ranged
from 5 to 32 Miz and amplitudes ranged from 0.08 to 30,1 volts. Prior to
launch, the P78-2 was subjected to the MIL-STD~-154] Electrostatic Discharge
Test, Figure 13 presents a histogram of the aasplitudes of those test dis-
charges. FPor coamparison purposes, Figure 14 presents a similar histogram of

the nstural discharges listed in Table 5.
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ur Freq. Anmplt, Damp., Fhase

Date sec. Sensor i MHz Volts 1/us deg,
4/23/81 3023 CbuU 0 0 «06 0 0
loop 1 6.2 1.69 «0077 32
2 17.8 1,69 .0087 58
3 29.5 2,2 «005 153
4/23/81 4016 Harness O 0 18 0 0
wire e 0 15.8 «027 0
1 11.8 30.1 0022 -89
2 20,7 2.6 =-.00097 226
3 29,7 19.0 0077 =27
4/23/81 4150 Dipole 0 0 W49 0 0
1 5.4 11.3 0.14 58
2 18,0 16.8 0204 215
3 26.3 9.1 .01 20

Table 6. Natural discharge fitting paramaters.
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Pigure 13, MIL-STD 1541 test Figure 14, Natural pulese amplitude
pulse distribution distributica. :

Since thare is a differsnce in the wechanism of surface charging and bulk
charging, the natural pulse aaplitude distribution has baen further sorted
ioto surface and bulk charging distributions. Figures 15 and 16 show these
amplitude distributions for surface aud bulk charging, respectively,

k1]




SN

8
n
2 e .
5 L
§ 7
b [
2 s 1 : :
« 4
34 7
. 4
T4 E,q V} ” Exa /
° T v I/é /:/ /' a (/" 4 /' al 1§ @ /' v
0 0.08 0.8 0.e8 2.8 1.2

MNAPLITUDE (vaits)

Figure 15, Puloe amplitude distvidution for discharges attributed to surface
chargiung, : '

The two primary points to be noted about these distributions ig that the
bulk charging pulses are much smaller than the surface charging pulses (but
are much larger on the actual cables or other dielectrice where the discharges
occur), and that some of the surface charging pulses far exceed the MIL-STD~
1541 test pulses.
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Pigure 16,Pulse amplitude distridution for diecharges attrituted to bulk
charging.
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Morphology of FPulses

The location in locsl time and altitude (in units of earth radii) of the
pulses shown in Fig. 14 is plotted in Figure 17, SYNC indicates the geo-
synchronous orbit altitude. Typically, pulses observed in the post-midnight
sector and at higher altitudes were associated with surface charging. Those
pulses not associated with surface charging events occurred in the late
morning and afternoon time sectors and have been shown to be associated with
large magnetic storms and increases in the flux of very emergetic electrons.
They are considered to be due to bulk charging.
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Figure 17, Locsl-time vs altitude plot of uatural discharges obsetved by the
Pulse Analyzer on the P78-2 satellite.
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Figure 18 is a plot similar to Figure 17 except that the data are the
pulses detected by the Transient Pulse Monitor and the data base covers only
the 1979 time period. The Pulse Analyzer data set includes only one pulse
during this time period that was thought to be due to bulk charging. The TPM
data set shows a good correlation with regions of high probability for surface
charging.

a4 " wicag

3 (S q’”’

1
L}
L LT

0
' 1
Y/ e d
At ] ”": )

Figure 18, Altitude wvs local-time plot of pulsas detected by the Transient
Pulse Hon{tor on P78-2 during 1979, Contours of surface charging
probability from the SSPM are also indicated. -
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Chapter 6 - Contamination Enlisncement by Charging

Electrostatic Fundaxentsls

An electrostatic potential is associated with every point in space, It
is the energy required to move & test charge from infinity to the point. When
the region contains a ges of charged particles (a plasma), this potential 1s
called the 'plasma potential's The potential of the undisturbed plasma in the
vicinity of s spacecraft is a convenient refersace for discussion of space-
craft surface charging.

When ar object is immersed in & plasas and the surfaces are maintained at
a potential other than the plasma potential, a region of disturbed plasma,
called a sheath, is created. Unlike the undisturbed plasaa, the average value
of electric field strength is non-zero within a plssma sheath. Pigure 19
shows a potential diagram for the case of & conductive sphere immersed in an
idealized plasma. The physics of spacecraft isaersed in the placaa of space
is complicated by such effects as photo- and secondary-emission from the
spacecraft, asgnetic fields, noc-uniformity of surface potential, none
spherical spacacraft shape, 'non-equinbuun aud anfsotropic plasma properties,
departures from Maxwellian ensrgy distributions, aud the relative velocity
betwesn the spacecraft and the plasas, The sheath thickness decreases vith
plasaa demsity and increases with vehicle surface potential and plasss temper-
ature, At gcmynchronw: orbit sltitude it can reach about 100 meters.

RADIAL DISTANCE FROM SPNERE CENTER
'y | '

Yy e uEATH REGION ‘ONS  © AMBIENT PLASMA REGION
| WERE 'ROWTOSMERE ! PLASMA POTENTUAL ASSIGNED
".- ﬂ ' ov,’..'-
| |

Pigure 19, Potantial disgras of a staticvary conductive sphere immersed in an
ideal plasas.
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Contamination Considerations

Contamination collected on orhit by exterior surfaces of spacecraft
originates from the spacecraft itself, At geosynchronous altitudes, a8 mole-
cule usually follows a linear path between the points of release and intercep-
tion. However, most of these large organic molecules escape from the vehicle
with thermal velocity and therefore have a significant probability of ioniza-
tion while still within the sheath. Ions created in the sheath ca: be re-
attracted to the vehicle and strike surfaces having no view factor with the
point of escape, thereby increasing the contamination rate of these
surfaces. The point of each mclecular impact will be determined by the 'ion
optics' of the molecule-~its velocity and position and the direction and
magnitude of the electric field along its subsequent path,

Large surfaces which are the most negative on the spacecraft are most
likely to attract contamination ions because they produce strong electric
fields in a large volume of the sheath., It follows that if such surfaces are
sensitive to contamination, such as fused quartz mirror radiators, surface
charging reduction techniques will reduce contamination of the surfaces., If
contanination-sensitive negative surfaces are small in area, it may be feas-

ible to place blased electrodes nearby to deflect ionized contaminants.

Possible methods to control surface charging of dielectrics with respect
to frame and other surface potentials include the use of transparent conduc-
tive films grounded to the vehicle frame, use of a 1lower resistivity
dielectric together with a conductive adhesive mounting system, and
development of die2ectrics with more favorable secondary emission
characteristics. Charging of the vehicle frame with respect to the plasma
potential can be controlled with electron emitting devices and at least
sometimes by having a sufficiently large photoemitting surface exposed to
sunlight. Each of these techniques has disadvantages, but advantages may
outweigh disadvantages in particular applications, For instance, indium-
oxide, the most widely considered conductive coating, is expensive and
apparently contributes to the increase in solar absorptance of materials
during the first few months on orbit (Hall, 1983). MHowever, these costs may
be acceptable because of increased system life. It ghould be recognized that
limiting vehicle frame charging will probably increase the differential
potential between the frame and any exterior dielectric surface. The
incressed electric field may lead to more frequent or more intense discharges.
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Effect of Charging on Contamination

The P78-2 satellite experiment. complement included a Temperature Con-
trolled Quartz Crystal Microbalance (Hall, 1975) which was designed to measure
the rate of deposition of contaminants on satellite surfaces., The TQCM in-
¢luded a grid upon which a voltage could be imposed to repel ions, The mass
detector was sltusted at the center of 2 45 cm conductive plane at frame
potential., Glass~covered solar cells bordered the plane., Long-term average
mass accumulation rates over the four periods studied ranged from O to 31¥%
greater when 0 to 500 eV ions were allowed to reach the mass detector than
when they were reflected (Hall and Wakimoto, 1984), Figure 20 shows the
effect of rejecting charged ions on the mass accumulation rate during one of
the periods studied (Clark and Hall, 1981).
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Figure 20, Mass .ccumulation rates on the P78—-2 satellite as a funection of
repelling grid potantia&.
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Chapter 7 ~ Recommendations

s
PN . Surface Charging
'“5 § Employ techniques to reduce electrical stress across dielectrics such as
;# n using electrically ‘'leaky' dielectrics or conductively-coated dielectrics.
1 7§ Coatings and the back surface of 'leaky' dielectrics should be grounded to the
vehicle frame.
flfl¥ﬁ§ _ Time constants of electrical potential changes are as important as
-v{% material properties in producing large differential potentials. Laboratory
'-;' tests ehould give consideration to these time constants, including that of the
_“,¥ vehicle frame,
. > .
X Optical solar reflectcr tiles and solar cells should be bonded with
E .ﬂﬁ conductive epoxy (or equivaiént) to maintain surface potentials near frame
. ) '\ o . - . -
N & potential,
fﬁ - Keep dielectrics sway from surface-mounted senscrs which are sensitive to
¥ discharges, elactrical potentials, or contamination,
. '

‘Spacectaft materials should be tested under a proper simulation of che
space euviroament before inferring their electrical aud thermal properties in
. space. '

Computer simulations of charging (such as NASCAP) should be validated
with realistic laboratory tests, o

Properly designed and calibrated potential monitors can be valuaﬁle in
asgescing the operation of vehicles ip gecsynchronous ordit, eapecially in the
event that anomalous operation cccurs.

P78-2 experience indicates that attempts to concrol frase potential with
charged-particle beams aggravates differantial charginge A wore complete
naderstanding of the physice of particle beams in plasmas is reQuired before
their utility co Operatianal vehicles can be determined,

Bulk Chaxging

Bulk charging can be reduced by reducing the flux of auergetic electrons
“ vhich can reach critical dielectrica in cables and circuit boards. Keep all
cables aad circuit boards within the body of the satellite when practical,
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Use a minimum of 35 mils of aluminum (or equivalent mass) between the dielec~-

tric and the space environment,

Large areas of metallization on circuit boards should be grounded. All
conductors in cables should be terminated at both ends, even if unused,

Design circuits to be insensitive to the type of pulse generated by bulk
dielectric discharges. Avoid using input elements with a low damage thresh-
old, Use circuit and structure designs which minimize coupling of discharge

energy into circuits.

Discharges

Discharges occur when metal surfaces separated by a dielectric become
charged to different potentials. To preveﬁé thié,_uae adequate electrical
bounding between métal sections to keep all mgtalfpatéé af,apptéximately the
same potential., Streamer discharges can.aléa occur.ohudieiéctric‘ma;erials
from the nonmetallic areas to the adjacent metal;whénveach is éhargg&‘to”é_v
different potentiel. Streamering may be overcome by sﬁiéldihg}cheiﬁnnmagéllic V
areas with electcically-conducting‘coatings'thgt will keepiihe*suriécéé at‘:
approximately the same potential, Examples include indium-oxide coatipgs}on:f
solar cells, conductive paints, and metallized Kapton"witb thefﬁetaliié é#deAL
out, These coatings must be glectrically,gtounqed4co theavéhicle frame.: B

All- wiring should be routed within the spacecraft metallic -structure
(skin) or shielded, The skin should be as continuous as prﬁcpical"thAgtgﬁidev;;
as good a Faraday cage as practical. Note that some alecﬁromsgneﬁi¢:£13169
will enter the vehicle, either by prepagation through the gkin or by"gifeac A
peneiration through apertures such as seans, giidg, uonmetallic sa¢t§0ns, ff
antenuas, and external wiring harnesses. ' o o

_Establish upset criteria for all circuits. AProtéct ail circuits that hay_ '
be demaged cor upgset by short duration cuttent'or:voltage npikes.z_Consideg
proper equipment and circult design, shielding, decoupling, filté:s.' good
wechanical layout, and proper parts placement in all solid state applications. '

Testing of full scsle samples in wuxact production cgnf&guratiaa is advis-
sble when the safety of tha vehicle is involved. -

48

.

RGN PR P TN SV PR L R IILI:  WU VRS B T S P dP RPN € M RN T BT F LY




: Contamination
&
Pl

Reduction of the potential of the wvehicle, or parts of the vehicle near
sensitive surfaces, will reduce the rate of contamination, '
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Cotrpotation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military space vstems. Versatility
and flexibility have been developed to a high degree by the laboratory person~
nel in dealing with the many problems encountered in the nation's rapidly
develoning space svstems., Expertige in the latest scientific developments is
vital to the accomplishment of tasks related to these problems, The labora-
tories that contribute to this research are:

Aerophvsics Laborztory: Llaunch vehicle and resutry flu:d mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, environmental hazards, trace detecticn; spacecrsft structural
mechanics, contamination, thermal and structural control; Ligh temperatuve
thermomechanics, gas kinetics and radiation; cw cud pulsey laser development

including chemical kinetics, spectroscopy, optical resonators, “eam contvtol,
atmospheric propagation, laser effects and courllermeasures,

Chemistry and Physics lLaboratory: Atrospheric chenical reactions, atmo-
spheric optics, light scattering, state-sppcific chemisal reactions and radia-
tion transport in rocket plumes, applied lasar spectroecopv, laser chemistry,
laser optoelectronics, sclar cell physics, battery elasctrochenistry, space
vacuum and radiation effects on materials, lubricaticn and surface phenonena,
thermionic emiasion, photosensitive materials and detectors tomic¢ frequency
standards, and environmental chemistry.

Computer Science Lahoratory: Program verification, program translation,
performance-sensitive system design, ristributed architectures for spaceborne
computers, fault-tolerant computer syeiema, artificial intelligence and
microelectronica applications,

Electronics Research Lahaoratory: Microclectronica, GaAs low nofse and
power devices, semiconducrtor lawers, electvomagnetic and optical propagsation
phenomena, quantum electronica, lsaer communicatfons, lidar, and electro=
opties; communication aclences, applied electronics, aemiconductor crystal and
device phvaics, radionctrio imaging: milllncter vave, microwave technology,
and R¥ systeme research.

Materlals Sriences laborastory: Development of new materialst metal
antrix componices, polyera, and naw foVms of carbon; nondestructive evalus~
tion, component fatlursy -analysis and relilabiitty; fractuve mechanics and
stresys corrosicy) analvsis and evaluation of materials at cryogeate and
elevated temperatures e wall a8 in gpace and enemv-induged environmants.

Space Sciencer tahoratoryt Mapaetosphecie, aurordl and cosmic tay phve-
tce, wave=particle ‘ateractions, magnetompheric plawas wavea; atwmaspheric snd
fonnsphoric physies, density sid compoRitian of the upper stmoaphere, vemots
asnping uslag atmpspheeds radbatien: solas physics, infeared astronomy,
tnfravad signatuce analveis; of focta of solar sctivity, wmagnetic atovms and
nucleal explostons on the sarth’s atmosphere, -fonosphare and magnetosphere;
elfecty ot elcr:ronsuna:lc nnd particuldte vadiations on space systema; epsce
1net *umentation.
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